The differential cross section for the production of direct photons in p+p collisions at √ s = 200
The differential cross section for the production of direct photons in p+p collisions at √ s = 200
GeV at midrapidity was measured in the PHENIX detector at the Relativistic Heavy Ion Collider. Inclusive-direct photons were measured in the transverse momentum range from 5.5-25 GeV/c, extending the range beyond previous measurements. Event structure was studied with an isolation criterion. Next-to-leading-order perturbative-quantum-chromodynamics calculations give a good description of the spectrum. When the cross section is expressed versus xT , the PHENIX data are seen to be in agreement with measurements from other experiments at different center-of-mass energies.
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I. INTRODUCTION
Direct photons are defined as photons that do not originate from hadronic decays. In hadron-hadron collisions, direct photons at large transverse momentum (p T ) are predominantly produced by the fundamental quantumchromodynamics (QCD) 2-to-2 hard-scattering subprocesses, g + q → γ + q andq + q → γ + g, where the former subprocess, which dominates in p+p and A+A collisions, is called "the inverse QCD Compton effect" [1] . This subprocess is one of the most important of the QCD 2-to-2 subprocesses for three reasons:
1. the photon is the only outgoing particle in fundamental QCD 2-to-2 subprocesses that is a single particle, which can be measured to high precision;
2. the scattered quark has equal and opposite transverse momentum to the direct-photon so that the transverse momentum of the jet from the fragmented quark is also precisely known (modulo k T or multisoft gluon effects [2] ); and 3. it is directly sensitive to the gluon distribution function of the proton times the distribution function of quarks, which is precisely measured in deeply inelastic lepton-proton scattering.
If both the direct photon with p T and rapidity y γ and the away side jet at y J are detected then, to the extent that theq + q → γ + g subprocess can be neglected in p+p collisions due to the predominance of gluons over anti-quarks, the jet opposite to the direct photon is a quark [3] . Tagging jets with direct photons provides an excellent method of studying any medium effect on the energy or fragmentation of the outgoing quark. Furthermore, the cross section for g + q → γ + q in LO pQCD [1] in scattering of hadron A from hadron B takes on the * Deceased † PHENIX Spokesperson: jacak@skipper.physics.sunysb.edu simple form for the reaction A + B → γ + q + X:
× παα s (Q 2 ) 3ŝ 2 1 + cos θ * 2 + 2 1 + cos θ * +x 2 g B (x 2 ) F 2A (x 1 ) × παα s (Q 2 ) 3ŝ 2 1 − cos θ * 2 + 2 1 − cos θ * , where the parton kinematics are fully determined by
and x T = 2p T / √ s. The parton-parton c.m. energy √ŝ = √ x 1 x 2 s, where √ s is the A + B c.m. energy; the energy of the direct photon in the parton-parton c.m. system is P * γ = E * γ = √ŝ /2, where
and cos θ * = tanh(y γ −y J )/2 is the c.m. angle of the outgoing γ with respect to hadron A. In Eq.1, g A (x 1 , Q 2 ) and g B (x 2 , Q 2 ) are the gluon structure functions of hadron A and hadron B. At leading order F 2A (x 1 , Q 2 ) and F 2B (x 2 , Q 2 ) are structure functions measured in deep inelastic scattering (DIS) of e + A, given by
are the distributions in the number of quarks of type a, with electric charge e a (in units of the proton charge) in hadron A 1 . In hard g + q → γ + q scattering in p+p collisions, the struck quark is 8 times more likely to be a u quark relative to a d quark. For production in nuclei, the ratio is somewhat less according to the ratio of the atomic number to the atomic mass.
Beyond leading order, direct photons can be produced either by bremsstrahlung from any quark line in a 2-to-2 subprocess, e.g. g + q → g + q + γ, or in a parton shower from fragmentation that forms a jet. In both these cases the photon is accompanied by jet fragments so that observing photons isolated from jets enhances the contribution from the fundamental 2-to-2 subprocesses. Naturally, all these effects must be taken into account in theoretical calculations of direct photon production in pQCD, and such calculations [4] are generally in excellent agreement with all previous measurements, including those from PHENIX [5] . However, decreasing the uncertainties of both measurement and theory and extending the range to larger p T is desirable. Measurements with and without an isolation criterion allow more specific comparisons of theoretical models and a better understanding of photons coming from bremsstrahlung and parton fragmentation.
Measurement of direct photons in p+p collisions provides an important baseline for measurements in heavyion collisions. Once produced, a photon emerges from the reaction almost unaffected since it only interacts electromagnetically. Initial state modifications of the distribution functions in nuclei can be accessed by measurements in p+A or d+A collisions. Similarly, direct photons provide a reference free from final state effects on the outgoing quark, which at LO initially balances the p T of the direct photon.
In this paper, we report a major update of the direct photon cross section measurement in p+p collisions at √ s = 200 GeV. The present data has more than an order of magnitude improved statistics than that reported in [5] . It has extended the highest p T reach of the measurement from 15 GeV/c to 25 GeV/c. We compare the data to pQCD calculations and other direct photon data in hadronic collisions.
The paper is organized as follows: Sec. II describes the experimental setup. Sec. III describes the analysis method. Results are in Sec. IV followed by a discussion (Sec. V) and summary (Sec. VI). The measured invariant cross sections are tabulated in the Appendix.
II. EXPERIMENTAL SETUP
Photons were detected in the PHENIX central arm detectors by two electromagnetic calorimeter (EMCal) arms (West, East) each covering π/2 rad in azimuthal angle (φ) and |η| < 0.35 in pseudorapidity. Each arm is divided into 4 sectors in azimuth. All 4 sectors in the West arm are lead scintillator sampling detectors (PbSc). In the East arm, 2 sectors are PbSc and 2 sectors are lead glassČerenkov detectors (PbGl). The sectors are composed of independent towers with granularities of ∆η × ∆φ = 0.011 × 0.011 and 0.008 × 0.008 for the PbSc and the PbGl, respectively. A tower contains ∼ 80% of the photon energy hitting the center of the tower. During data taking, the relative gain of the detectors was monitored using a light pulser calibration system. The absolute energy calibration was based on the known minimum-ionizing energy peak of charged tracks, energy-momentum matching of identified electron tracks and the measured value of the π 0 → γγ invariant mass. The linearity of the energy response was obtained from beam tests and the dependence of the measured π 0 mass on its momentum. The energy resolution was determined using the width of the π 0 peak, and was σ E /E = 8.1%/ √ E(GeV) ⊕ 5.7%. The systematic error on the absolute energy scale is less than 1.5%. The time of flight (ToF) as measured by the EMCal with a resolution of better than 1 ns was used to reduce the cosmic ray background.
The dynamic range of the electronics is saturated for the highest energy clusters (∼ 25 GeV) measured in this analysis. The size of this effect is estimated using a convolution of the maximum energy limit of each tower (26 GeV typical) and the fraction of energy deposited in the central tower of a electromagnetic shower cluster. This effect was found negligible compared to the statistical uncertainty for the very high energy photons that are affected.
The drift chambers (DC) and the innermost layer of the pad chambers (PC1) provide charged track information and were used to veto charged hadron clusters in the EMCal. Hits in the beam-beam counters (BBCs) positioned at pseudorapidities 3.1 < |η| < 3.9 were used to measure a collision vertex from the time difference between hits in both BBCs, and to monitor the luminosity. The PHENIX detector is described in detail elsewhere [6] .
III. ANALYSIS A. Event selection
The results in this paper are based on the data sample taken during the 2006 RHIC run. A high p T photon sample was collected with an EMCal trigger in which the analog sum of signals from a 4 × 4 adjacent set of EMCal towers was greater than a nominal energy threshold of 2 GeV, which was in coincidence with the minimum-bias trigger, corresponding to ∼ 8.0 pb −1 integrated luminosity. The integrated luminosity was determined from the rate of a minimum-bias trigger that required hits in the BBCs and a collision vertex within 30 cm of the nominal center of the interation region. At √ s = 200 GeV this trigger selects 23.0 mb of the inelastic p + p cross section. This was measured with 9.7% uncertainty using a Vernier-scan technique [7, 8] . This corresponds to about 55% of the inelastic p+p cross section. For the BBC trigger rate of 250 kHz typical of the sample used in this analysis in the crossing rate of 9.4 MHz, the effect of multiple collisions per bunch crossing was < 2% and is neglected.
B. Photon selection
Photon candidates were reconstructed from EMCal clusters within an EMCal fiducial volume defined to exclude the edge areas ∆η=0.10 and ∆φ=0.10 wide, resulting in a fiducial area of |η f | < 0.25 in pseudorapidity and ∆φ f = π/2 − 0.2 in azimuth for each of the two arms. Areas outside the fiducial volume were included when searching for a partner candidate for π 0 → γγ decays to suppress π 0 background, and to measure activity around direct photon candidates (an isolation cut, section III E) to suppress bremsstrahlung and fragmentation photons in the reconstructed photon sample.
Photon candidates were required to have p T > 5 GeV/c and a ToF measured by the EMCal to be within ±5 ns from the expected arrival time for the photons originating at the vertex. This requirement reduced the background from cosmic rays by an order of magnitude. The remaining contributions are estimated from the ToF distribution and corrected. The magnitude of this correction was negligible in the region of p T <∼ 15 GeV/c and larger for higher p T photons as the rate goes down (∼ 8% contamination at p T = 25 GeV/c). The background from charged tracks was suppressed by requiring that the EMCal cluster shape be consistent with a single electromagnetic shower and that no charged track points to to the cluster. The shower shape cut efficiency for photons, evaluated using reconstructed π 0 decay photons, was 0.98 over the relevant p T range. Most of the conversion e + e − pairs in the ∼ 10% of radiation length of material between the DC and the EMCal are reconstructed as single photons because of the minimal magnetic field in this region. Of course, no charged track would point to the cluster since the conversion would have happened after the DC. An additional 1% loss was attributed to these photon conversions from a geant [9] simulation with a reasonable input p T distribution. The contribution of the other hadronic background (neutrons, K L , albedo from magnet poles and other material) was studied with a detailed geant Monte Carlo simulation and found to be less than 1% of the photon sample.
The fine granularity of the PHENIX EMCal resolves the two photons from π 0 → γγ decays up to π 0 p T of 12 GeV/c (17 GeV/c) in the PbSc (PbGl). A 50 % merging probability corresponds to π 0 p T of 17 GeV/c (25 GeV/c). In the p T range presented in this paper (up to 25 GeV/c), merged photons can be separated from single photon showers in the EMCal and rejected using shower shape measurements with an efficiency > 90%.
C. Direct photon signal extraction
In the obtained photon sample the majority of the background for direct photon measurements comes from decays of hadrons, primarily π 0 → γγ (∼ 80%) and η → γγ (∼ 15%). The contribution from π 0 decays was evaluated by a π 0 -tagging method 2 . In this approach the direct photon candidate was paired with each of the other photons in an event (a partner photon) to calculate the two-photon invariant mass M γγ , which was required to be in the range from 105 to 165 MeV corresponding to ±3σ around the π 0 peak (see Fig. 1 ). Both photons were required to have a minimum energy E min = 0.5 GeV. The combinatorial background under the π 0 peak was evaluated and then subtracted by fitting the two-photon invariant mass distribution outside the peak region. The corrections for the underestimation due to photon conversions and π 0 Dalitz decays were applied as a part of the partner photon efficiency. To avoid acceptance losses for π 0 reconstruction, the edge areas of the EMCal outside the fiducial region were included for partner photon selection as long as the primary photon was in the fiducial region. The minimum photon energy cut, the EMCal geometry, and inactive areas led to an underestimate of the π 0 decay photon yields. A correction for this was calculated using a single particle Monte Carlo simulation, which included the EMCal geometry, the configuration of dead areas, resolution, and the π 0 spectrum shape from earlier measurements [8] . Figure 2 shows a p T dependent multiplicative correction, denoted as 1 + R, to the tagged π 0 photon sample. 1+R drops with increasing p T when going from 5 GeV/c to 15 GeV/c due to the decreasing influence of the E min cut. As the p T increases further the correction stops decreasing due to an increasing merging probability. The correction for asymmetric decays is more affected by the E min cut, since symmetric decays start merging and are rejected from the photon sample by the shower shape cut. Completely merged photons from high p T π 0 decays may resemble single photons in the EMCal; this residual contribution is corrected later. East arm
The correction factor to be applied to the number of tagged photons for the total contribution from π 0 ((1+R) in Eq.4) from a single particle Monte Carlo simulation. The error bar shows the systematic uncertainty.
The contribution to the photon sample from hadronic decays other than from π 0 s was estimated relative to the π 0 decay contribution based on the η/π 0 [10] , and ω/π 0 and η ′ /π 0 [11] ratios from our measurements assuming m T scaling (tested in [11] ). We denote the ratio of photons from these decays to the photons from π 0 decays as A. At lower p T (p T ∼ 5 GeV/c) this ratio, A, has a weak p T dependence and approaches 0.235 as p T increases. Since the contribution of photons from π 0 to the background decreases for p T > 10 GeV/c due to π 0 photons merging, the value, A, starts to rise linearly at around p T = 12 GeV/c, and at the highest p T point at 25 GeV/c it is 1.4 (0.94) for West (East) arm.
The yield of direct photons N dir was obtained from the inclusive photon yield N incl as follows:
where N π 0 is the contribution from π 0 s evaluated with a tagging process. In this notation, (1 + R) · N π 0 represents the total contribution from unmerged π 0 → γγ decays, and A·(1+R)·N π 0 is the contribution from other hadronic decays. Figures 3 and 4 show different contributions to the inclusive photon spectrum separately for West and East spectrometers. In the highest p T bins, where no π 0 -tagged photons were found (due to low statistics and high merging probability), N π 0 was set to 0 +1 −0 to safely cover the other hadronic-decay channels. 
D. Direct Photon Cross Section
Based on the extracted direct photon yields N dir in each ∆p T wide bin in transverse momentum, the invariant cross section of direct photon production was calculated as follows:
where L is the integrated luminosity for the analyzed data sample, ∆y is the rapidity range, ǫ corrects for the acceptance including the trigger live area, photon reconstruction efficiency, trigger efficiency and p T smearing due to EMCal energy resolution. ǫ bias corrects for the finite efficiency of BBCs to trigger on high p T events. The latter was measured from the ratio of π 0 yields obtained using the EMCal based high p T photon trigger with and without BBC trigger requirements, and was found to be 0.78 ± 0.02, independent of p T .
A single particle Monte Carlo simulation, which included the configuration of detector active areas and resolutions, was used to evaluate the corrections for the acceptance and p T smearing. The small differences between the distribution of azimuthal position of reconstructed photons between data and simulation ( Fig. 5 and 6 ) served to estimate the systematic uncertainty. The effects of p T smearing were determined by varying the input p T spectrum of the simulation. The same simulation framework was used to evaluate the propagation of the 1.5% scale uncertainty in the EMCal energy measurements to the final direct photon spectrum.
The terms from Eq. 4 used to calculate N dir contribute to its uncertainty as follows (as tabulated in Table VI) :
where W is defined as N incl /N dir . At low p T with high backgrounds (W >> 1), the contributing uncertainties on N dir are amplified by a factor W or W − 1. In this p T range the dominant uncertainty comes from the correction for untagged photons ((1 + R)) from π 0 -decay due to its sensitivity to the minimal energy cut, E min . In the higher p T bins the biggest systematic uncertainty of the component is in the merging effect (which is included in the (1+R) term), since most of π 0 s are merged in the EMCal in this p T region. However this effect on the direct photon is small, suppressed by a factor (W − 1) << 1, because of the small background fraction and approaches zero at highest p T .
E. Study of the effect of isolation cut
In this section we investigate the effect of an isolation cut on direct photons to determine the fraction coming from Compton and annihilation processes, which are expected to be isolated from jet activity. The energy around the photon candidate in a cone of radius r = (δη) 2 + (δφ) 2 = 0.5 was required to be less than 10% of the photon energy, in order to pass the isolation cut. The cone size is determined by the hadron correlation in a jet measurement (e.g. Fig. 6 in [2] ). The total energy in the cone was constructed by summing the energy of electromagnetic clusters in the EMCal and the momentum of charged tracks in the tracking system. To be counted as part of the cone energy, the minimum EMCal cluster energy was set at 0.15 GeV and the minimum track momentum at 0.2 GeV/c, close to the lower limit for charged particle reconstruction in PHENIX. To avoid inclusion of misidentified tracks, which, due to decays or photon conversions may mimic high p T tracks, the maximum momentum for the tracks to participate in the cone energy calculation was set to 15 GeV/c. Aside from direct photons, the isolated photon sample (N iso incl ) includes background photons from π 0 and other hadron decays. For π 0 decays we consider photons that have a partner photon reconstructed in the EMCal acceptance (n iso π 0 ), and those which satisfy the isolation criteria if the partner photon is masked out (N iso π 0 ). More π 0 photons pass the isolation cut without the partner photon energy, so n iso π 0 is a subgroup of N iso π 0 . The latter was used to estimate the isolated photons from π 0 with missing partner due to the energy threshold E min or EMCal masked areas, by multiplying by the same missing photon fraction R introduced in Eq. 4.
To estimate the contribution of other hadron decays, the isolated photon candidate from π 0 (N iso π 0 ) is scaled. With this procedure, the isolation cut efficiency from jet fragments is taken into account, however there is an additional rejection due to its own partner photon. A single particle MC for ηs was used to include this effect. In the case of ηs, for the lowest p T sample, the partner photon can be out of the EMCal acceptance because of a large opening angle, thereby reducing the rejection power. As it goes to high p T , the rejection power due to the partner energy becomes constant.
Similar to Eq.4, the isolated direct photon yield (N iso dir ) was calculated using:
In addition to A in Eq.4, A iso includes the isolation cut effect of the hadron's own partner photon as described above. Different contributors to the isolated photon sample N iso incl are shown in Fig. 7 and 8 . Uncertainties are propagated according to:
, and
Smoothed functions from fits to the data of the W 0 , W 1 , W 2 , and W 3 parameters were used. The overall trend is the same as in the case of inclusive photon measurement. However at low p T the systematic uncertainties are smaller due to smaller contribution from hadronic decay photons in the isolated photon sample. Appendix Table VII summarizes the systematic uncertainties for isolated direct photon measurements.
F. Isolation over inclusive-direct photon ratio
By taking the ratio of isolated direct photons to the inclusive-direct photons, some uncertainties such as photon efficiency and the luminosity measurement cancel. To estimate the remaining systematic uncertainty, each component contributing to the yield measurements was moved up and down by ±1σ of its systematic uncertainty. Figure 9 shows the variation due to this change. The values are tabulated in Appendix Table V . The total systematic uncertainty was taken as the quadratic sum of these variations.
To evaluate the rejection power of the isolation cut on jet fragmentation, the same ratio was calculated for photons from π 0 (= N iso π 0 /N π 0 ). Here the systematic uncertainty is from the correction of combinatorial background. IV. RESULTS Figure 10 shows the inclusive-direct photon cross section where the bin width correction in the data are applied to the vertical direction. The data are compared to a NLO pQCD calculation [12] [13] [14] [15] [16] [17] using the CTEQ 6M parton distribution functions [18] and the BFGII parton to photon fragmentation function (FF) [19] for three different renormalization and factorization scales, from bottom to top, µ=2p T , p T and p T /2. The deviation of the data from the calculation is shown in the bottom panel. The present data are consistent with that we previously published in [5] . The highest p T reach of the data is expanded from 15 GeV/c to 25 GeV/c. For the p T range (8 < p T < 25 GeV/c) a power law fit to the data gives n = 7.08±0.09(stat)±0.1(syst) with χ 2 /N DF = 8.3/10. In the fit, all systematic uncertainties are treated as correlated.
To demonstrate the purity of the signal as a function of photon p T , ratios to π 0 spectrum are taken. The measured π 0 cross section [20] is parametrized by the form E as show in Fig. 11 . The systematic uncertainty shown with a band does not include the overall normalization uncertainty. Figure 12 shows the ratio of both the direct photon signal and photons from π 0 to the fit. The dotted line in the figure is at 2/(8.22 − 1) = 0.277, which is the analytic expectation for the ratio of π 0 decay photons to π 0 in case of a pure power law behavior of the π 0 . The fraction of the direct photon contribution gets higher as the transverse momentum increases. The contribution of photons from π 0 s deviates from the analytic expectation at higher p T because most of the merged clusters are rejected from the photon sample. The data are systematically lower than the analytical line even at the lowest p T . But as shown in Fig.11 , the systematic uncertainty of the fit constant is on the order of 10%. If this uncertainty is taken into account, the agreement is reasonable. Figure 13 shows the ratio of isolated-direct photons to inclusive-direct photons, and isolated over inclusive photons from π 0 s. Since the background subtractions are done independently, this ratio can exceed unity due to the uncertainty. The data are compared to two theoretical calculations, which include the same isolation criteria. The cone size of the isolation cut is larger than the area within the PHENIX central arm acceptance around the isolated photon candidate and leads to an underestimate of the energy in the cone. This effect was not corrected for; instead the same acceptance was included in the theory calculation. However the theory calculation assumes no dead areas in the acceptance. The theory calculation varies at most by 2% (90% → 92%), when the effect of Table VI) .
the dead area is included. The isolation cut causes a large suppression of photons from π 0 . This is expected as the π 0 is accompanied with other fragmentation products. At high p T (p T >∼ 10 GeV/c), the ratio of isolated direct photon to inclusivedirect photons is typically more than 90% and matches the expectation from NLO pQCD calculations. At low p T , the data are below the theory calculation, although generally they agree within the systematic uncertainty. Explanations of possible discrepancy were thought to be underlying event activity as well as the contribution of photons from quark fragmentation, which are not considered in the theory calculation. However a study with an event generator (pythia tune A [22] ) did not show any drop in the low p T region for the direct photons, while the level of isolated photons from π 0 decays was well reproduced 3 .
V. DISCUSSION Figure 10 shows good agreement between the data and NLO pQCD calculations. While the calculations at low p T seem low, the correlated systematic uncertainties in the data are such that the difference is not significant. Figure 14 compiles this data and other measurements of direct photons in p+p or p +p collisions from both collider and fixed target experiments, over a broad range of collision energy. Note that most of the collider data except for that of PHENIX apply an isolation cut in their photon selection as listed in Table I . Also note that the PHENIX measurement [29] having the lowest p T points uses the virtual-photon method. The cross sections are shown as a function of of x T = 2p T / √ s and scaled by the empirical value of √ s n eff with n eff = 4.5 (Eq. 9). The effective power, n eff , is primarily sensitive to the quantum exchange governing the reaction but also has sensitivity to scale-breaking. For measurements of single particle or single jet inclusive p T distributions, this x T scaling [42, 43] provides a data driven test of whether pQCD or some other underlying subprocess is at work, as well as providing a compact quantitative way to describe the data using the effective index, n eff (x T , √ s)
where Ed 3 σ/dp 3 is the invariant cross section for inclusive particle production with transverse momentum p T at c.m. energy √ s and
It is important to emphasize that the effective power, n eff (x T , √ s), is different from the power n of the invariant cross section at any given value of √ s. For pure vector gluon exchange, or for QCD without evolution of α s and the structure and fragmentation functions, n eff = 4 as in Rutherford scattering. However, due to the scale breaking in QCD, the measured value of n eff depends on the x T value and the range of √ s used in the computation [43] .
For inclusive-direct photon production in p+p collisions at midrapidity, if we assume x 1 = x 2 = x T and cos θ * = 0, then from Eq.1, the x T scaled inclusive cross section in pQCD is approximately:
where x T g p is the gluon momentum distribution function in the proton and F 2p is the proton structure function measured in DIS and we assume that the empirical value n eff − 4 = 0.5 takes account of the scale breaking effects. The x T scaling of all the available data, with some exception at low √ s, is impressive. As one goes to higher x T , the power of the invariant cross section becomes softer. Figure 14 gives the same information as the agreement with the pQCD calculations [4] but in addition shows the validity of pQCD directly from the data by a simple but powerful scaling rule.
VI. SUMMARY AND CONCLUSIONS
The invariant differential cross section for the production of direct photons in p+p collisions at √ s = 200 GeV at midrapidity was measured. It extends the p T reach up to 25 GeV/c. An NLO pQCD calculation agrees well with the measurement, supporting the validity of such calculations.
The effect of an isolation cut on the direct-photon cross section was measured to be negligible (<10%) in agreement with NLO theoretical calculations. The isolation cut enhances the g + q → γ + q contribution and suppresses a possible background of single photons from bremsstrahlung or jet fragmentation. The main utility of the isolation cut is that it reduces the background of photons from hadronic decays by a significant factor of ∼ 60%. Furthermore, the data are an important reference for interpreting direct-photon spectra in heavy-ion collisions. , and A3), (B) inclusive photon counts, (C) π 0 tagging, (D) the factor for the total π 0 counts, and (E) the factor for the hadron contribution other than π 0 ) and the contribution to the direct photon signal (A*1, B*W, C*(W-1), D*(W-1), E*(W-1)). W is the ratio of N incl /N dir . Individual components are (A1) Energy scale error transformed to the cross section, (A2) Acceptance and smearing, (A3) σBBC and BBC trigger bias, (B1) nonvertex, neutral hadron subtraction, (C1) π 0 combinatorial background subtraction, (C2) loss for conversion and Dalitz decay, (D1) Emin calibration, (D2) input π 0 spectrum in the MC, (D3) π 0 merge model (correction for the complete merging), (D4) π 0 merge model (cluster shape parametrization in the MC), (D5) Geometry and trigger mask, (E1) Ratio of all hadronic decay to π 0 contribution, (E2) Isolation with own decay partner, and (E3) π 0 merge correction for other hadron contribution. 
